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Since recent past a growing concern has been raised by designers of various coastal and offshore structures in India that 
the design significant wave heights may require changes in future in response to climate change induced by global warming. 
At this backdrop the significant wave height (Hs) with 100 years returns period, or design Hs, is evaluated in this work at 
110 coastal locations of peninsular India based on historical as well as projected wave climate with the specialty that the 
historical climate includes two cases: one without consideration of cyclonic winds and the other with its consideration. 
The wind data from a regional climate model incorporating a moderate global warming and response scenario are 
considered. The results show that future changes in the design Hs would be highly site specific and inclusion of past 
cyclonic winds will yield higher wave heights than its exclusion, as expected. While in general the futuristic design Hs 
would increase along the entire coastline if the past cyclonic conditions are not considered, the same may not happen at all 
the locations when the past wind climate had cyclonic winds included in it.  
[Keywords: Climate change impact, Coastal design, Design wave height, Regional climate model, Wave climate] 
Introduction 
The significant wave height (Hs), with a return 
period of 100 years forms a basic input for designing 
any structure in the sea such as breakwaters and sea 
walls, jetties and groins, fixed and floating offshore 
platforms and navigational vessels. Such design Hs is 
generally derived by collecting short term wave 
samples for a long duration of the order of 30 years 
and if that is not possible then by simulating the same 
from the wind conditions
1
. The wave simulations are 
usually done with the help of a numerical wave model 
that solves the governing energy balance equation at 
close spatial and temporal intervals. The wave models 
are traditionally forced by reanalysis winds like 
European Research Agency (ERA)-Interim
2
 or its 
latest versions and Climate Forecast System 
Reanalysis (CFSR)
3
. Once the wave data are ready, 
their statistical analysis is done using a suitable 
extreme value distribution. This normally involves 
fitting Generalized Pareto Distribution (GPD) using 
the peak-over-threshold (PoT) method and establishing 
a relationship between Hs and its probability 
distribution function, P(Hs). The return period of 100 
years is associated with a certain P(Hs) and design Hs 
corresponding to that P(Hs) is extracted from the 
fitted distribution relationship.  
As can be noticed, such traditional approach is 
based on the past wave climate. However a number of 
past studies carried out in various parts of the world 
have shown that the impact of climate change induced 
by global warming on the past climate is significant 
and hence it is necessary to account for the same in 
coastal designs and development
4-6
. The studies 
dealing with projected future waves are numerous
7
 
and generally involve wind derived from a regional 
climate model (RCM) that forces a numerical wave 
simulation model. The project: WASA (Waves and 
Storms in the North Atlantic)
8
 for the North Atlantic 
region and so also some other works for different 
world locations have been well reported in past
1,5,9-11
. 
As regards the Indian locations a few studies based on 
projected wind from a RCM and further on the 
numerical wave simulation carried out for long 
durations over past and future periods are also 
available
12-14
.  
It is noticed that the past works dealing with 
projected wave conditions at Indian coastal stations 
are small in number compared to those with other 
global sub-regions and need further confirmation of 
the observed trends at different locations and 
importantly, by carrying out the analysis including 
cyclonic wind conditions in wind-wave simulations, 
not attempted in those works. In this study therefore 
we have tried to account for historical cyclones in the 
evaluation of 100-years Hs at a series of 110 locations 
around the Indian coastline that are different than the 
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sites analyzed in the past works. Such evaluations are 
further compared with those belonging to future wave 
climate but not accounting for projected cyclonic 
occurrences.  
It is to be noted that about 7 % of world’s total 
tropical cyclones occurs in the northern Indian Ocean 
and out of those 25 % originate in the Arabian Sea 
and remaining 75 % in the Bay of Bengal. The 
genesis and strength of the storms here is complex 
and depends on an increase in the sea surface 
temperature, low level atmospheric vorticity, mid-
tropospheric humidity and the vertical wind shear
15
.  
 
Materials and Methods 
For this study we have selected a series of  
110 locations around the peninsular Indian coastline, 
approximately 50 km away from each other and in 
costal water depths ranging in between 10 to 20 m. 
This range of water depth was selected considering 
large amount of coastal developments happening 
there. Out of these, 64 sites belong to the west coast 
and remaining to the east coast as can be seen in 
Figure 1.  
The methodology followed is as below: 
(a) Consider daily wind from a regional climate 
model (RCM) of past and projected conditions 
and pertaining to two time slices of around 3 
decades each.  
(b) Form 3 sets of wind data, namely, (i) past RCM 
wind as it is, (ii) past RCM wind with 
replacement of normal wind by cyclonic wind in 
the affected region over the duration of cyclones, 
and (iii) projected wind from the same RCM. 
(c) Force a numerical wave model with the help of 
these 3 wind datasets separately and create the 
wave climate accordingly.  
(d) Fit the Generalized Pareto Distribution (GPD) to 
generated wave data and extract Hs values 
corresponding to the 100-year return period at all 
locations under study for the three cases as in (b). 
(e) Compare the design Hs values so extracted. 
 
The wind data for normal conditions  
The historical as well as projected wind conditions 
were derived on the basis of a numerical wave model 
forced by the wind from a state-of-the-art RCM called 
CanESM2 (Canadian Earth System Model-version 2) 
used successfully in past works
13-15
. The RCM was 
developed by the Canadian Centre for Climate 
Modeling and Analysis (CCCMA) under a world 
coordinated climate change exercise called: Climate 
Model Inter-comparison Project - Phase 5 (CMIP5). 
The CMIP5 experiment was aimed at impact 
assessment simulations of the Inter-governmental 
Panel of Climate Change (IPCC)’s IPCC-AR5 report 
and beyond
16
. The historical period was of 27 years 
 
 
Fig. 1 — The selected coastal locations around the peninsular Indian coastline 
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from 1979 to 2005, while the projected one varied 
from 2006 to 2032. The odd sample size of 27 years 
was mandated by availability of RCM and bias 
correction wind (mentioned later) for the same period 
and considering that the RCM output up to 2005 is 
categorized as past climate. The projected wind 
conditions corresponded to a moderate warming 
scenario called the representative concentration 
pathway (RCP)-4.5, indicating that the earth would be 
subjected to emission levels specified by a radiative 
index of 4.5 Watts     by the year 2100. The RCM 
output needs removal of bias or systematic error that 
gets formed because of an incomplete knowledge of 
physical sub-processes and use of various numerical 
approximations. This was done by the method of 
quantile mapping, popular by its ability to match the 
Probability Distribution Function (PDF) of standard 
wind with that of given data at both high and low 
quantiles
17
. The standard or target wind data used here 
belonged to the Climate Forecast System Reanalysis 
(CFSR) wind. The data had a temporal resolution of 6 
hr and a spatial resolution of 0.5° x 0.5°. The 
mismatch between the grid sizes of CanESM2 and 
CFSR wind necessitated re-gridding using bilinear 
interpolation before further use.  
With such wind data as major input, the hourly 
values of Hs for a total period of 54 years were 
simulated using the numerical wave model: Mike21-
SW
18
, as explained subsequently. 
 
The wind data for cyclonic conditions 
The data pertaining to the tracks of cyclones that 
occurred in the past 27 years and that created major 
impact on the coastal areas by virtue of their intensity 
and angle of attack were considered. India 
Meteorology Department (IMD)’s best track data and 
Joint Typhoon Warning Centre (JTWC)’s best track 
data of 72 years falling under the category “cyclonic 
storm” and “severe cyclonic storm” were collected, 
neglecting depression and deep depression type 
disturbances. (http://www.rsmcnewdelhi.imd.gov.in/ 
index.php?option=com_content&view=article&id=48
&Itemid=194&lang=en; http://www.rmcchennaieatlas. 
tn.nic.in/login.aspx?ReturnUrl=%2f;http://www.meto
c.navy.mil/jtwc/jtwc.html?north-indian-ocean). 
Figure 2 shows various tracks so selected in the 
region of interest. As all required information in IMD 
data over the years of 1979-1990 was unavailable, 
both IMD and JTWC databases were necessary.  
There are quite a few past works in which Hs 
values under cyclonic conditions were evaluated at 
different coastlines
19-22
. In this work and in line with 
Graber et al.
23
, Khandker et al.
24
, Pan et al.
25
 the 
cyclonic winds were replaced with historical data of 
the RCM over the affected region surrounding the 
 
 
Fig. 2 — The 72 cyclone tracks during 1979-2005 considered in the study 
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track. To generate the zonal and meridional 
components (u and v) of the cyclonic wind, Surface 
Modeling System (SMS) software under the umbrella 
of advanced circulation (ADCIRC) modelling system 
and based on Holland’s pressure distribution
26
 was 
used. (www.adcirc.org;https://www.aquaveo.com/ 
software/sms-surface-water-modeling-system-
introduction). Appendix I give the underlying 
equations used to obtain the wind speeds from the 
cyclonic parameters. The parameters that were 
extracted over the region bounded by the maximum 
radius for each track belonged to the time, latitude, 
longitude, maximum radius, maximum sustained wind 
speed, ambient minimum sea level pressure and 
central pressure. When the required information on 
radius of maximum wind, R, was not available a value 
of 59 km was assumed for it as in Sanil Kumar  
et al.
19
. The entire spatial domain was divided into 
4989 triangular meshes, each of size 0.5° x 0.5°, and 
at each mesh node, falling under the region influenced 
by R, the normal wind speed was replaced by the 
cyclonic one derived from the track data as in 
Appendix I. 
 
The numerical model 
The numerical wave model used was Mike21-SW, 
which is a 3G spectral model developed by the Danish 
Hydraulics Institute
18
. The modelling protocol 
simulates the wave growth, decay and transport, and 
also propagation of swells within offshore and coastal 
areas. The physical processes of wind forcing, 
spectral interaction, refraction, shoaling, loss of 
energy due to bottom friction and wave breaking, 
flooding/drying as well as wave–current interaction 
are accounted for apart from the effect of changing 
water depths.  
The computations are aimed at solving the below 
mentioned wave action balancing equation: 
 
  
  
          
 
 
  … (1) 
 
Where, N or N (σ, θ) = the wave action density 
spectrum related to wave energy density spectrum E 
or E (σ, θ) by:  
 
   
 
 
  … (2) 
 
Where σ is the relative angular wave frequency = 2πf; 
f = wave frequency in cycles/sec and θ is the direction 
of wave propagation.  = spatial operator;   = 
propagation velocity and S = energy source function;  
t = time. 
The model output was in the form of significant 
wave height, Hs, wave direction, θ, and peak wave 
period, Tp, at a given time step over a large number of 
spatial grids. The physical domain belonged to the 
Indian Ocean region extending from -40° S to 30° N 
and 20° E to 110° E and this was divided into a large 
number of triangular meshes. The mesh resolution 
changed from 1.5° at the southern boundary, 0.75° 
above the equator and 0.25° along the Indian 
coastline. The high resolution nearshore bathymetry 
scatter data in the Mike C-map tool box and in the 
National Hydrographical Office (NHO) charts 
enabled efficient construction and interpolation of the 
used meshes. A fully spectral type of formulation with 
the representation of the wave spectrum through 25 
frequency and 16 direction bins was adopted. The 
initial spectrum had the fetch limited JONSWAP 
form. The land boundaries were treated to be closed. 
To calibrate the wave model, the parameters of 
bottom friction, breaking and white capping indices 
were tuned to local conditions. The calibrated model 
setup was validated with respect to the wave-rider 
buoy observations available off Mangalore situated 
along the western part of the Indian coastline over a 
period of 3 years (2001-2003). This produced error 
statistics of correlation coefficient, bias and mean 
absolute error as 0.80, 0.17 and 0.23 m, respectively 
indicating the readiness of the model set up to carry 
out intended wave simulations over past and future 
time periods. The calibrated wave model was run for 
past and future years and the wave information in the 
form of daily values of Hs, Tp, and θ was further used 
for its long term analysis discussed below. 
 
Long term statistical analysis of Hs 
The extreme value distribution of GPD type was 
fitted to the simulated Hs values – separately over 
historical and future time slices.The GPD is expressed 
as below:  
 
  
    
   
       
       
 
 
 
 
 
 0   … (3) 
 
Where, P = probability distribution function of the 
bracketed quantity, H = the variable Hs, u = threshold 
Hs or location parameter; Ψ = scale parameter and ξ = 
shape parameter.  
The distribution parameters were obtained by using 
the method of maximum likelihood that consists of 
optimizing a likelihood function. To choose u, the 
value of threshold of Hs, the sample mean exceedance 
(SME) oren(u), given below was plotted against 
changing values of the thresholds 
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  … (4) 
 
Where, xi = i-
th
 value of given Hs; n = total number of 
Hs values;    = number of Hs, exceeding u. The 
selected threshold u corresponds to the one from 
where the above plot starts behaving linearly.  
The adequacy of the GPD fit can be ensured by 
linearity of the plot of following conditional mean 
exceedance (CME), E{}, with varying threshold 
values. 
 
           
    
   
  … (5) 
 
Where, x = the given Hs value.  
Once the distribution parameters were derived, the 
N-year return Hs was estimated from eq. (3) as: 
 
 Hs = u + ]1)[( 
 

un 0   … (6) 
 
Where, λu = the probability of an individual Hs 
exceeding value u = (ku/k). Where, ku = number of 
peak excesses and k = total number of Hs values; n = 
m x N, where, n = number of Hs in N years; m = 
number of Hs values per year. 
Following sections give the results obtained from 
the above mentioned modelling.  
 
Results and Discussion 
After completing the model set up as above, hourly 
Hs values for the past (1979-2005) and future (2006-
2032) conditions were simulated. At each site the 
thresholds of Hs for use in GPD fitting were selected 
by the sample mean exceedance approach and the 
adequacy of the GPD fit was ensured by the linearity 
of the conditional mean exceedance, as mentioned 
earlier. The 100-year Hs were derived from such GPD 
fits to past as well as projected wave data. 
It is mentioned that in this work no attempt was 
made to account for the effect of likely cyclones that 
might be encountered in future, since it is very 
difficult to predict future cyclonic winds or their 
tracks and other related parameters. An empirical 
approach to do so would have involved use of some 
assumed increase in wind and other cyclonic 
parameters as well as the use of synthetic tracks
27
. 
However this was not done in this work in view of a 
very large amount of uncertainty associated with it, 
which might produce misleading results.  
Figure 3 shows the evaluated design Hs at the 110 
sites as per historical wave climate vis-a-vis the same 
as per projected climate-both without considering the 
cyclonic conditions. (Please note that in order to 
understand the spatial variation more clearly 
continuous lines are drawn, although the Figure does 
not show any time series variation). A general 
increasing tendency of the design Hs into the future 
can be noticed. The west coast shows a stronger 
tendency of increase than the east coast. The 
difference across the future and past data-based Hs is 
very small in between the coasts of Gulf of Kutch and 
Cambay and large at the central west coast. The 
difference remains relatively small thereafter until the 
Orissa coast. There are a few places where the 
projected design wave would be somewhat smaller 
than the past data-based evaluation. These results 
qualitatively agree with the earlier ones
13-15
 dealing 
with different locations. 
The increase in Hs might be because of rise in the 
future wind and also due to likely changes in its 
circulation as mentioned in some of the past studies
28-29
. 
Along the west coast, the rise is found to be more than 
the east, and this may be due to the rising swells 
coming from the North-East direction and from 
Persian Gulf in future as reported by some 
investigators earlier
30-32
. In particular, Dobrynin  
et al.
29
 had postulated stronger waves in future in the 
South Ocean producing more swells northwards. 
Similarly, Kulkarni et al.
32
 had indicated an 
intensification of wind around the Indian seas and 
also of that of low level circulation from the easterly 
direction associated with the northeast (NE) monsoon 
and El Nino Southern Oscillation. Similarly there are 
many studies elsewhere in the world where stronger 
waves in future have been postulated
33-35
.  
At some locations, lowering of the past wave 
heights can also happen in future instead of their 
increase due to likely weaker atmospheric circulations 
there or because of shifting of the storm tracks and 
likely changes in La Nina and El Nino impacts, as 
reported in earlier studies
1,10,36,37
. 
 
 
Fig. 3 — Design Hs at the 110 sites as per historical and projected 
wave data – without consideration of cyclones 
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Thus the effect of accounting for the future wave 
climate on design waves will be highly site specific 
and hence should be worked out individually. The 
locations exposed to either western or eastern wave 
climate, near southern coastal tip, gulf or river 
entrances – all will have different projected design 
conditions.  
The general rise in future design Hs seen in this 
work qualitatively reflects the same elsewhere in the 
world
5
. The quantitative comparison however may not 
serve much purpose since, as documented by most of 
the past workers
1,11,38
, the local trend in Hs would 
always be different from the global ones since locally, 
potential variations in wind circulation, speed, fetch 
as well as coastal bathymetry can significantly differ.  
In order to understand the impact of past cyclones 
on the design conditions, Figures 4 and 5 were drawn. 
Figure 4 shows the design Hs at the 110 locations 
obtained only on the basis of historical wave climate 
for two cases: without considering the cyclonic winds 
in evaluating long term waves and with their 
consideration. It may be seen that everywhere the 
replacement of normal RCM wind by the cyclonic 
wind produces higher values of design Hs, as 
expected. The difference is larger along the southern 
west coast and southern part of Tamil Nadu and 
northern part of Orissa (20 to 50 %), due to the effect 
of strong intensity and high frequency cyclones; 
otherwise it is confined to around 10 to 30 %, where 
more landfalls are known to happen. It may be noted 
that although the number of cyclones along the west 
coast are one fourth of those along the east, their 
effect, derived from long duration data on design Hs, 
is more uniform and substantial. It is mentioned here 
that stronger storms in the Indian Ocean have been 
indicated in some past studies
39
, although some 
contrary views are also expressed
15
. 
Figure 5 shows the differences in design Hs when 
evaluated on the basis of historical climate with 
cyclonic wind included and the one evaluated as per 
the projected conditions without cyclonic winds. It is 
seen from the Figure that only the northern part of the 
west coast shows a rise in Hs when projected normal 
data are used in place of past wind consisting of both 
normal and cyclonic conditions. It thus appears that 
with some exceptions, accounting of past cyclonic 
wind in normal historical winds generally 
overshadows the projected normal wave climate. 
The present study, like earlier ones related to 
design waves and climate change impact, involves 
many statistical uncertainties; however in order to 
reduce them in the fitting process we have used the 
same wind and wave models as well as statistical 
tools for historical as well as projected data. 
In summary therefore it is seen that if cyclonic 
effects are neglected, the west coast would see 
increase in the design Hs in future (Figure 3). If 
cyclonic effects are considered then the values of 
design Hs would be higher in general at both east and 
west coast (Figure 4). Further, the design Hs based on 
past wave data incorporating cyclonic wind effect are 
likely to be larger than the one based on projected 
wave climate without cyclonic effects, with the 
exception of the region at northern side of the central 
west coast. This indicates necessity to take a judicial 
decision on choice of future design Hs. It is therefore 
felt that field designers of sea structures at present can 
account for the effect of likely changes in future 
climate as a result of global warming by adopting 
following strategy: 
(i) Consider historical wave data by excluding 
the effect of past cyclones and evaluate 
design Hs, say, (Hs)i 
(ii) Consider historical wave data by including 
the effect of past cyclones and evaluate 
design Hs, say, (Hs)ii,  
(iii) Obtain the percentage difference ∆ in 
between (Hs)i and (Hs)ii,  
(iv) Consider projected wave data as per a 
moderate global warming pathway (RCP 4.5) 
 
 
Fig. 4 — Design Hs at the 110 sites based on historical data with 
and without cyclonic conditions 
 
 
 
Fig. 5 — Design Hs at the 110 sites evaluated on the basis of 
historical waves with cyclonic conditions and on the basis of 
projected waves without cyclonic conditions 
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(without cyclonic wind effect) and evaluate 
the design Hs, say, (Hs)iii,  
(v) If (Hs)ii> (Hs)iii, use (Hs)ii for the design, else 
raise (Hs)iii by the same percentage difference 
∆ and use this as the final value for design. 
 
Conclusions 
The study showed that at India’s west coast, the 
design Hs evaluated considering the past wind and 
past cyclones would dominate over the design Hs 
derived on the basis of future wind alone. However, 
this might happen only at some northern locations and 
off the Karnataka and Kerala coasts, while 
southwards and within the Mumbai-Goa region, a 
reverse trend might be realized. 
As regards the east coast, generally everywhere, 
the design Hs derived from the past normal and 
cyclonic wind would dominate. 
The relative effect of past cyclones and projected 
wave climate is thus highly site-specific and needs to 
be worked out independently for every given location 
where structural design is proposed to be made. 
To account for the futuristic wave climate in the 
design waves the same need to be done as per 
historical as well as projected wave conditions 
separately and an optimum value needs to be selected 
as suggested in this work. 
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Appendix I — Expressions for cyclonic wind 
speeds 
The wind speed along the horizontal zonal and 
meridional directions, or the x and y coordinates, 
encountered during cyclones are given by the 
following Holland’s equations (https://www.aquaveo. 
com/software/sms-surface-water-modeling-system-
introduction): 
 
  … (7) 
  … (8) 
 
Wx = wind velocity along the x direction; Wy = wind 
velocity along the y direction; = reduction 
factor; Wg= gradient wind speed;  = 
distance from the eye or centre of the cyclone located 
in turn at (xc, yc); cx xxr  and cy yyr  ; α 
= included angle of the wind vector; Wg is given by: 
 
  … (9) 
 
Where, = air density; PA = atmospheric 
pressure; f = Coriolis factor. The atmospheric pressure 
is given by: 
 
  … (10) 
 
Where, PC = central low atmospheric pressure;
. PN = ambient atmospheric pressure  
= 1000 mb; R = radius of the maximum wind speed; 
B = scaling parameter = 1; The wind speed at 10 m is 
approximated to 0.7 Wg. 
 
References 
1 Mori N, Shimura T, Yasuda T & Mase H, Multi-model 
climate projections of ocean surface variables under different 
climate scenarios—Future change of waves, sea level and 
wind, Ocean Eng, 71 (1) (2013) 122-129.  
2 Dee D P, Uppala S M, Simmons A J, Berrisford P, Poli P,  
et al., The ERA-Interim reanalysis: configuration and 
performance of the data assimilation system, J Roy Met Soc, 
137 (2011) 553-597. 
3 Saha S, Moorthi S & Pan, The NCEP climate forecast system 
reanalysis, Bull Am Meteorol Soc, 91 (8) (2010) 1015-1057. 
4 Allan J C & Komar P D, Are ocean wave heights increasing 
in the eastern North Pacific? Eos Trans AGU, 47 (2000)  
561-567.  
5 Grabemann I & Weisse R, Climate change impact on 
extreme wave conditions in the North Sea: an ensemble 
study, Ocean Dyn, 58 (2008) 199-212.  
6 Mori N, Kjerland M, Nakajo S, Shibutani Y & Shimura T, 
Impact assessment of climate change on coastal hazards  
in Japan, Hydrol Res Lett, (3) (2016) 101-105. doi: 
10.3178/hrl.10.101.  
7 Komar P D, Allan J C & Ruggiero P, Ocean wave climates: 
Trends and variations due to earth’s changing climate,  
In: Handbook of Coastal and Ocean Engineering, edited by  
Y C Kim, (World Scientific), 2010, pp. 971-995.  
8 WASA Group, Changing waves and storms in the northeast 
Atlantic? Bull Am Met Soc, 69 (1998) 741-760.  
INDIAN J GEO-MAR SCI, VOL 49, NO 09, SEPTEMBER 2020 
 
 
1520 
9 Dragani W C, Martin P B, Simionato C G & Campo M I,  
Are wind wave heights increasing in south-eastern South 
American continental shelf between 32_S and 40_S, Cont 
Shelf Res, 30 (2010) 481-490.  
10 Perez J, Menendez M, Camus P, Mendez F J & Losada I J, 
Statistical multi-model climate projections of surface ocean 
waves in Europe, Ocean Model, 96 (2015) 161-170. 
11 Bennet W G, Karunarathna H, Mori N & Reeve D E,  
Climate Change Impacts on Future Wave Climate around the 
UK, J Mar Sci Eng, 4 (2016) pp. 78. doi: 10.3390/ 
jmse4040078.  
12 Roshin E & Deo M C, Derivation of design waves along the 
Indian coastline incorporating climate change, J Mar Sci 
Tech, Springer, 22 (1) (2017) 61-70. doi 10.1007/s00773-
016-0393-y.  
13 Satyavathi P, Deo M C, Kerkar J & Vethamony P, Re-
evaluation of design waves off the western Indian coast 
considering climate change, Mar Tech Soc J, Washington,  
50 (1) (2016) 88-98.  
14 Bhat S, Pooja Jain & Deo M C, Application of Regional 
Climate Models (RCMs) for Coastal Design Parameters 
along India, J Coast Res, 35 (1) (2018) 110-121.  
15 Ramesh Kumar M R & Sankar S, Impact of global warming 
on cyclonic storms over north Indian Ocean, Indian J Geo-
Mar Sci, 39 (4) (2010) 516-520. 
16 IPCC (Intergovernmental Panel on Climate Change), Fifth 
Assessment Report, AR5: Climate Change, IPCC, Geneva, 
Switzerland, 2013. https://www.ipcc.ch/publications_ 
and_data/publications_and_data_reports.shtml (accessed 
22/11/2014).  
17 Li H, Sheffield J & Wood E F, Bias correction of monthly 
precipitation and temperature fields from Intergovernmental 
Panel on climate change AR4 models using equidistant 
quantile matching, J Geophys Res: Atmos, 115 (2010) D10.  
18 DHI, MIKE21: Spectral waves FM module scientific 
documentation, (Danish Hydraulic Institute, DHI, Water and 
Environment, Copenhagen, Denmark), 2014. 
19 Sanil Kumar V, Mandal S & Ashok Kumar K, Estimation of 
wind speed and wave height during cyclones, Ocean Eng, 30 
(2003) 2239-2253.  
20 Stephens S A & Ramsay D L, Extreme cyclone wave climate 
in the Southwest Pacific Ocean: Influence of the El Niño 
Southern Oscillation and projected climate change, Glob 
Planet Change, 123 (A) (2014) 13-26.  
21 Shope J B, Storlazzi C D, Erikson L H & Hegermiller C A, 
Changes to extreme wave climates of islands within the 
Western Tropical Pacific throughout the 21st century under 
RCP 4.5 and RCP 8.5, with implications for island 
vulnerability and sustainability, Glob Planet Change, 141 
(2016) 25-38.  
22 Mori N & Takemi T, Impact assessment of coastal hazards 
due to future changes of tropical cyclones in the North 
Pacific Ocean, Weather Clim Extremes, 11 (2016) 53-69.  
23 Graber H C, Cardone V J, Jensen R E, Slinn D N, Jagen S C, 
et al., Coastal forecasts and storm surge predictions for 
tropical cyclones: a timely partnership, Oceanography, 19 
(1) (2006) 130-141.  
24 Khandker M T, Koichiro O, Shibayama T, Esteban M & 
Nakamura R, Numerical simulation of cyclonic storm surges 
over the Bay of Bengal using a meteorology-wave-surge-tide 
coupled model, Coast Eng Proc, 34 (2014) 898-912. 
25 Pan Y, Yong-ping C, Jiang-xia L & Xue-lin D, Improvement 
of wind field hindcasts for tropical cyclones, Water Sci Eng, 
9 (1) (2016) 58-66.  
26 Holland G J, An Analytic Model of the Wind and Pressure 
Profiles in Hurricanes, Mon Weather Rev, 108 (8) (1980) 
1212-1218.  
27 Dube S K, Rao A D, Poulose J, Mohapatra M & Murty T S, 
Storm Surge Inundation in South Asia under Climate Change 
Scenarios, In: Monitoring and Prediction of Tropical 
Cyclones in the Indian Ocean and Climate Change, edited  
by U C Mohanty, M Mohapatra, O P Singh, B K 
Bandyopadhyay & L S Rathore, (Springer, Dordrecht), 2014. 
28 Bhaskaran P K, Gupta N & Dash M K, Wind-wave Climate 
Projections for the Indian Ocean from Satellite Observations, 
J Mar Sci: Res Dev, (2014). http://dx.doi.org/10.4172/2155-
9910.S11-005.  
29 Dobrynin M, Murawsky J & Yang S, Evolution of the global 
wind wave climate in CMIP5 experiments, Geophys Res Lett, 
39 (2012) L18606. doi:10.1029/2012GL052843.  
30 Aboobacker V M, Vethamony P & Rashmi R, Shamal swells 
in the Arabian Sea and their influence along the west coast  
of India, Geophys Res Lett, 38 (2011) L03608. doi: 
1,029/2010/10GL045736.  
31 Sajiv P C, Kumar V S, Glejin J, Udhaba D G & Vinayaraj P, 
Interannual and seasonal variations in nearshore wave 
characteristics off Honnavar, west coast of India, Curr Sci, 
103 (2012) 286-292.  
32 Kulkarni S, Deo M C & Ghosh S, Evaluation of wind 
extremes and wind potential under changing climate for 
Indian offshore using ensemble of 10 GCMs, Ocean Coast 
Mngmt, 121 (2016) 141-152. https://doi.org/10.1016/ 
j.ocecoaman.2015.12.008.  
33 Hemer M A, Wang X L, Church J A & Swail V R, 
Coordinating global ocean wave climate projections, Bull Am 
Met Soc, 91 (4) (2010) 451-454.  
34 Shanas P R & Sanil Kumar V, Temporal variations in the 
wind and wave climate at a location in the eastern Arabian 
Sea based on ERA-Interim reanalysis data, Nat Hazards 
Earth Syst Sci, 14 (2014) 1371–1381.  
35 Young I R, Ziege S & Babanin A, Global trends in wind 
speeds and wave height, Science, 332 (6028) (2011) 451-455.  
36 Winter R C, Sterl A, Vries J W, Weber S L & Ruessink G, 
The effect of climate change on extreme waves in front of 
the Dutch coast, Ocean Dyn, 62 (2012) 1139-1152. doi: 
10.1007/s10236-012-0551-7.  
37 Charles E, Idier D, Delecluse P, Déqué M & Le Cozannet G, 
Climate change impact on waves in the Bay of Biscay, 
France, Ocean Dyn, 62 (2012) 831–848. doi: 
10.1007/s10236-012-0534-8.  
38 Wu L, Jie Qin, Teng Wu & Xing Li, Trends in global ocean 
surface wave characteristics as represented in the ERA-
Interim wave reanalysis for 1979–2010, J Mar Sci Tech,  
23 (2018) 1-8. doi:10.1007/s00773-017-0450-1.  
39 Anoop T R, Sanil Kumar V, Shanas P R & Glejin J, Surface 
wave climatology and its variability in the North Indian 
Ocean based on ERA-Interim reanalysis, J Atmos Ocean 
Technol, 32 (2015) 1372-1385.  
 
